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A novel Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer has been
developed for improved biomolecule analysis. A flared metal capillary and an electrodynamic
ion funnel were installed in the source region of the instrument for improved ion transmission.
The transfer quadrupole is divided into 19 segments, with the capacity for independent control
of DC voltage biases for each segment. Restrained ion population transfer (RIPT) is used to
transfer ions from the ion accumulation region to the ICR cell. The RIPT ion guide reduces
mass discrimination that occurs as a result of time-of-flight effects associated with gated
trapping. Increasing the number of applied DC bias voltages from 8 to 18 increases the number
of ions that are effectively trapped in the ICR cell. The RIPT ion guide with a novel voltage
profile applied during ion transfer provides a 3- to 4-fold increase in the number of ions that
are trapped in the ICR cell compared with gated trapping for the same ion accumulation time
period. A novel ICR cell was incorporated in the instrument to reduce radial electric field
variation for ions with different z-axis oscillation amplitudes. With the ICR cell, called trapping
ring electrode cell (TREC), we can tailor the shape of the trapping electric fields to reduce
dephasing of coherent cyclotron motion of an excited ion packet. With TREC, nearly an order
of magnitude increase in sensitivity is observed. The performance of the instrument with the
combination of RIPT, TREC, flared inlet, and ion funnel is presented. (J Am Soc Mass
Spectrom 2009, 20, 755–762) © 2009 Published by Elsevier Inc. on behalf of American Society
for Mass SpectrometryMass spectrometers have become an indispens-able tool in the area of proteomics. The desireto understand complex biological systems
and analyze lower-abundance proteins in the proteome
demands that more accurate and sensitive instruments
be developed [1, 2]. Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR-MS) [3–5] offers
the highest performance of any type of mass spectrom-
eter in terms of resolution and mass measurement
accuracy [6–8]. FT-ICR-MS enables measurement of
thousands of components in a complex mixture in a
single spectrum [9, 10]. The high-performance capabil-
ities of FT-ICR-MS increase with longer data acquisition
periods [11]. However, this performance also depends
on the ability to detect an observable signal for the
entire data acquisition period. There are a number of
factors such as coulombic interactions of other ion
clouds and electric and magnetic field inhomogeneities
that cause the observed signal to rapidly decay [12]. To
observe ion signals for a period of time, ions need to be
confined parallel to the magnetic field by electric fields
Address reprint requests to Dr. James E. Bruce, University of Washington,
Department of Genome Sciences, 815 Mercer Street, Seattle, WA 98195-5065.
E-mail: jimbruce@u.washington.edu
© 2009 Published by Elsevier Inc. on behalf of American Society for M
1044-0305/09/$32.00
doi:10.1016/j.jasms.2008.12.022[13]. However, many of the factors associated with ion
cloud dephasing result from confining ions to a finite
space for FT-ICR-MS analysis.
There are a number of advantages resultant from
increased magnetic field strength. For example, the data
acquisition period decreases linearly for a defined res-
olution (increased cyclotron frequency) and the upper
mass limit and maximum number of ions increase
quadratically [14–17]. Also, the number of ions needed
for peak coalescence to occur decreases inverse-
quadratically with magnetic field strength [18]. These
parameters are critical for top-down proteomic experi-
ments [19–21]. There are several idealized electric field
qualities, such as quadrupolar trapping field and lin-
earized excitation fields, that are difficult to achieve
simultaneously with a single-cell geometry. Typically,
the attained field quality is a compromise among the
desired field parameters [22]. A large number of ICR
cell designs have been developed to target one or more
of these electric field features [23, 24] and the most
common ICR cell geometries in use today are designed
to emulate infinitely long excitation electrodes [25, 26].
With external ionization sources, ions are usually
accumulated outside the magnetic field to allow for
differential pumping to produce ultrahigh-vacuum
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mulation of ions external to the ICR cell has been shown
to increase sensitivity and duty cycle [27]. With external
ion accumulation, some form of gated trapping is
typically used to trap ions within the ICR cell [28, 29].
Since regions of electric field inhomogeneities increase
inside the ICR cell with larger trapping potentials, it is
advantageous to perform FT-ICR measurements at low
trapping potentials [30–32]. However, with gated trap-
ping, ions trapped in the ICR cell will have a distribu-
tion of kinetic energies along the z-axis, which leads to
differences in trapping oscillation amplitude [28, 33].
Lowering the trap plate potentials below the threshold
of z-axis kinetic energy of the trapped ions will result in
a loss of ions from the ICR cell and a decrease in
sensitivity [34]. Therefore, to reach low trapping poten-
tials, ions can be cooled by introducing a pulse of gas
into the UHV region or a slow reduction of trapping
potential [35]. The addition of a collision gas causes
expansion of the magnetron radius. Thus, it is desirable
to perform quadrupole axialization, which converts
magnetron motion to cyclotron motion that is rapidly
damped in the presence of a collision gas [36, 37].
Although quadrupolar axialization can also heat the
ions translationally, this type of axiallization becomes
less critical with higher field magnets since the higher
field helps to confine the ions near the z-axis. However,
these ion cooling and axialization techniques require
additional time and are not typically combined on an
LC timescale, which requires a high duty cycle. In
addition, there is a loss of sensitivity when performing
gated trapping, in the sense that all ions trapped in the
accumulation region are not retrapped at the ICR cell.
Also, all ions do not exit the accumulation region at the
same time and ions with different m/z values reach the
ICR cell at different times as a result of different flight
velocities. The ions can be forced out of the accumula-
tion region over a shorter period of time by putting
angled wires between the multipoles of the accumula-
tion cell to induce a voltage gradient within the accu-
mulation region [38]. However, mass discrimination
attributed to time-of-flight separation of ions remains
problematic [39]. A number of different approaches
have also been taken to compensate for time-of-flight
separations [40, 41].
Commercial FT-ICR mass spectrometer vendors
have developed hybrid FT-ICR instruments that have a
mass-selective device exterior to the magnetic field.
This allows for ion isolation, accumulation, and frag-
mentation exterior to the ICR cell [42, 43]. This has
greatly increased the speed and flexibility of the type of
experiments that can be performed. Although the in-
strument described here currently does not have a
mass-selective device exterior to the ICR cell, our goal
was to modify instrument configurations to improve
the overall FT-ICR mass spectrometer performance.
Herein, we present a novel FT-ICR mass spectrometer
that is designed to overcome some of the weaknesses in
current instrument designs. The instrument incorpo-rates a heated flared metal inlet capillary [44, 45]
followed by an electrodynamic ion funnel [46, 47] for
improved ion transmission from atmospheric pressure
through the first vacuum stage. A novel quadrupole ion
guide, called restrained ion population transfer (RIPT),
following the ion accumulation region, is designed to
minimize time-of-flight effects during ion transfer to the
ICR cell [48]. Finally, a novel ICR cell called trapping
ring electrode cell (TREC) has been developed for
minimized ion cloud dephasing [49].
Experimental
The custom-built FT-ICR mass spectrometer described
herein uses a passively shielded 3-tesla (3-T) supercon-
ducting magnet with a 160-mm-diameter horizontal
bore (Magnex Scientific, Abingdon, UK). The vacuum
system layout shown in Figure 1a was designed to
allow for atmospheric pressure ionization sources such
as electrospray ionization to be used. Ions were created
through electrospray by applying 2.25 kV to a metal
union located before the spray tip. The spray solution
for all analytical standards purchased from Sigma (St.
Louis, MO, USA) was 49:49:2 (by volume) water:meth-
anol:acetic acid. Infusion of the electrospray solution
was performed with a syringe pump (Cole-Parmer,
Vernon Hills, IL, USA) and maintained at a flow rate of
1 L/min for comparison purposes. Ions enter the mass
spectrometer through a 30.5-cm-long flared metal cap-
Figure 1. (a) Representation of the vacuum system of the FT-ICR
mass spectrometer. (b) Schematic representation of the ion trans-
fer electrodes and vacuum pumping configuration. (c) A sche-
matic of the modified cryopumping surface installed in the
instrument.
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USA). The capillary is held in place by a heating block
that is heated to 130 °C using two cartridge heaters
(Omega Engineering, Stamford, CT, USA). The first
vacuum stage was maintained at a pressure of 1.2–2.0
Torr with a rough pump. A schematic is shown of the
ion optics in Figure 1b. An ion funnel is used to transfer
ions through the first pumping stage. A leak valve to
atmosphere was added to the first pumping stage to
control the pressure for optimized ion transmission
through the ion funnel. The ion funnel has 22 electrodes
with O.D. of 35.5 mm and thickness 1.6 mm, with
1.0-mm-thick nylon washers used as spacers between
the electrodes. The I.D. of the first electrode was 20.3
mm; the I.D. of the electrodes decreased linearly, with
the last electrode having an I.D. of 2.2 mm. The con-
ductance limit after the ion funnel was 3.0 mm. The
radiofrequency (RF) voltage applied to the ion funnel
was about 200 Vp-p at 760 kHz. All RF voltages were
produced with locally built RF generators. The DC
voltage gradient of the ion funnel was set up by
applying 150 V to the first electrode and 35 V to the last
electrode. The second vacuum stage, located between
the conductance limit at the end of the ion funnel and a
skimmer, is pumped by the auxiliary port on the
molecular drag pump used to pump the third stage.
Ions are accumulated in the third pumping stage in a
35.6-cm-long quadrupole operated with an RF voltage
of 280 Vp-p at 1.03 MHz (7.9  10
3 Torr). A conduc-
tance limit of 2 mm separates the ion accumulation
region from the RIPT ion guide. Ions can be accumu-
lated in the third vacuum stage by applying a DC
voltage to the conductance limit (10 V). The UHV gate
valve (HVA, Reno, NV, USA) was added between the
third and fourth stages of pumping. The source region
of the instrument has a z-axis translational UHV bel-
lows (McAllister Technical Services, Coeur D’Alene, ID,
USA). This allows the source region to be accessed for
modification or cleaning while still maintaining the
UHV needed for FT-ICR-MS analysis. The pressure on
the high-vacuum side of the gate valve (1  105 Torr)
is monitored with a Micro-Ion gauge (Granville-Phillips,
Longmont, CO, USA). The ion transfer technique called
restrained ion population transfer, or RIPT, has been
described in detail elsewhere [48]. Briefly, the ion guide
consists of a 155-cm-long quadrupole that has been
divided into 19 individual quadrupole segments, with
each segment 7.62 cm long. The segmented quadrupole
allows for independent control over DC potentials
applied to each segment. The pressure in the UHV
region of the instrument was 2  109 Torr, monitored
with a Stable-Ion gauge (Granville-Phillips). All metal-
lic vacuum chamber components that extend into the
bore of the superconducting magnet were fabricated
out of titanium, chosen for its nonmagnetic properties.
The final vacuum stage was evacuated by a Cryo-Torr 8
Cryopump (Helix Technology, Mansfield, MA, USA)
with a custom-designed cyropanel, shown in Figure 1c.
The cryopumping surface, fabricated locally, was basedon a similar design developed at Pacific Northwest
National Laboratory (Richland, WA, USA) [35]. The
original radiative shield and cryopumping surface were
replaced with a design that consisted of two concentric
cylinders that extend into the bore of the magnet. The
outer tube that acted as a radiative heat shield was
fabricated from 10.16 cm (O.D.)  1.59 mm (thickness)
6061 aluminum with a total tube length of 77.5 cm. The
inner cylinder that connected to the cold finger of the
cyropump was fabricated from a 1.59-mm-thick sheet of
OFHC copper rolled into a cylinder with an O.D. of 6.67
cm. The length of the inner copper cylinder was 73.6
cm. The outer radiative shield was cooled to 80 K and
the cyropumping surface was cooled to 13 K. This
design provided a maximum pumping speed calculated
to be about 4  104 L/s for air based on the surface area
of the cryopanel. This cryopump replaces a molecular
turbopump (400 L/s), which maintained a working
pressure of 4  109 Torr in the final vacuum stage,
with the addition of two conductance limits. This de-
sign allowed us to remove the conductance limits
within the ion guide while maintaining the partitions
between vacuum stages. The measured pressure in the
final vacuum stage was 2  109 Torr and provides
increased pumping near the ICR cell where ion detec-
tion takes place.
The instrument incorporates a novel ICR cell (i.e.,
trapping ring electrode cell, or TREC), which is a closed
cylindrical cell [4.76  5.08 cm (diameter  length)]
with five concentric rings replacing the conventional
solid trapping electrodes. Individual voltages applied
to each of the ring electrodes are designed to create
electric fields that minimize differences in radial force
at different z-axis amplitudes. The Inoue and Gross
groups have introduced similar cell designs for segmen-
tation of the end cap electrodes [50, 51]. The design of
the cell is described in detail elsewhere [46]. The ICR
cell is mounted to a titanium flange on the back end of
the vacuum system. The preamplifier was supplied by
Pacific Northwest National Laboratory. Data were col-
lected with a modular FT-ICR-MS data station (MIDAS)
supplied by the National High Magnetic Field Labora-
tory at Florida State University [52]. Ions were excited
with broadband frequency-sweep excitation, with a
sweep width of 240 kHz. The sweep rate and excitation
amplitude were varied to change the excited cyclotron
radius. The excitation waveform created by the arbi-
trary waveform generator was amplified by a novel RF
excitation amplifier developed locally (G. E. Skulason
and J. E. Bruce, unpublished observations). ICR-2LS
software package was used for all data analysis [53].
Results and Discussion
Many challenges associated with high-performance sig-
nal acquisition with FT-ICR mass spectrometers such as
ion cloud dephasing, space charge frequency shifts, and
coulombic interaction of ion packets are amplified at
low magnetic field strength; although these problems
758 KAISER ET AL. J Am Soc Mass Spectrom 2009, 20, 755–762persist at higher magnetic field strength, they are not as
detrimental to accurate mass analysis. FT-ICR mass
spectrometers that have low-field magnets, such as the
3-T instrument described here, are not in routine use for
biological applications because of the disadvantages
mentioned earlier. However, identifying the source of
these limitations and developing methods to minimize
them can be done without investing in a higher-field
magnet. The performance gains demonstrated on our
3-T mass spectrometer will also translate into increased
performance with instruments that incorporate higher-
field magnets.
Ion Transfer
To minimize time-of-flight effects, a ramped voltage
bias profile is applied separately to each of the quadru-
pole segments. This novel voltage scheme allows ions to
be moved from the accumulation region to the ICR cell
while maintaining complete axial containment. The
pulse sequence for a typical ion transfer is shown in
Figure 2. Here, ions were trapped in the accumulation
quadrupole for 50 ms by applying 10 V to the front
conductance limit. Ions enter the RIPT ion guide when
the voltage applied to the front conductance limit is
lowered. After 20 ms the voltage to the front conduc-
tance limit was restored to a high value to prevent
additional ions from entering the ion guide. The voltage
ramp sequence for each adjacent segment was delayed
by 8.5 ms. This delay was chosen so that four qua-
druople segments composed the bottom of the voltage
well, which is approximately equal to the length of the
accumulation quadrupole. The voltage well moves
along the ion guide by simultaneously decreasing the
voltage applied to the leading segments and increasing
the voltage applied to the trailing segments. By main-
taining the same ion trapping dimensions, there is
Figure 2. Voltage profile applied to select ion guide segments
during the ion transfer process. The dotted line represents ground
in each profile.minimal change in space charge in the ion guide duringtransfer. However, the last electrode in the ion guide is
held at 10 V. When the last quadrupole segment
reaches a low value the ions become trapped between a
preceding segment and an exit electrode. The length of
the voltage well decreases to just one segment as the
voltage to the preceding segments increases. This com-
presses the trapped ions into a smaller region similar in
length to the ICR cell. When the voltage applied to the
last segment is dropped for 0.15 ms, ions are injected
into the ICR cell. Compressing the trapped ions to a
smaller region before injection into the ICR cell in-
creases the number of ions that are trapped at the ICR
cell.
In our initial studies with the RIPT ion guide, the
number of possible DC bias voltages were limited to 8
by software and hardware available at that time [48].
Although the ion guide was constructed with 19 seg-
ments, only 8 DC bias potentials could be applied.
Therefore, adjacent segments received the same DC
bias potential. Thus, the length of the trapping well was
larger and, with limited number of DC bias voltages
available, it was not possible to compress the ions
before transfer to the ICR cell. Although an improved
mass range was observed compared with that of gated
trapping with this setup, it suffered from a reduction in
signal magnitude. Modification to the software pro-
gram and the addition of new hardware made it possi-
ble to increase the number of possible DC bias poten-
tials to allow each of the segments to have its own DC
bias potential. Figure 3a illustrates which segments
received the same DC bias for different numbers of total
DC bias voltages. Figure 3b illustrates the combined
signal magnitude observed for a broadband spectrum
of ubiquitin when different numbers of applied DC
potentials are used to transfer ions. Each data point is
an average of three data acquisitions, with each acqui-
sition an average of 10 scans. Increasing the number of
individually biased segments effectively increases the
Figure 3. (a) A visual representation of how the segments were
coupled together for the different total number of applied DC bias
voltages. (b) The combined signal magnitude as a function of
number of independent DC bias voltages that were applied during
the RIPT transfer method. The error bars represent 1 standard
deviation.
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reflected in the total signal magnitude in the spectrum.
By increasing the number of segments, the length of the
trapping region remains more consistent throughout
the transfer process. Also, right before ion injection into
the ICR cell, the length of the voltage well is reduced
from a length approximately equal to the accumula-
tion quadrupole to a length of the ICR cell. These
results further suggest that the addition of still more
segments would further improve the ion transmis-
sion performance.
The RIPT method can be compared directly with
gated trapping by applying the same DC bias to all the
segments. In this mode of operation, the RIPT ion guide
transmits ions with the same efficiency as that of a solid
set of quadrupole rods. The direct comparison between
the two transfer methods by direct infusion of 1 M
bovine serum albumin (BSA) digest is shown in Figure 4;
all other parameters were the same between the two
experiments. The same ion accumulation time period of
300 ms is used for both transfer methods. In the mass
spectrum collected with the RIPT method, the overall
observed ion magnitude increased approximately
3-fold compared with that observed with gated trap-
ping. We were also able to detect twice as many isotopic
distributions when ions were transferred with the RIPT
method. The total ion transfer time with RIPT was
about 300 ms compared with 2.8 ms for gated trapping.
However, to achieve the same detected ion signal with
gated trapping as with RIPT, we would need to increase
the ion accumulation time period 3-fold. Although the
RIPT process decreases the overall duty cycle for a set
ion accumulation time period, it can actually increase
the duty cycle for a set number of ions. Also, it is
possible to transfer multiple ion packets simultaneously
through the ion guide. Thus, while one ion packet is
being analyzed in the ICR cell another is being trans-
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Figure 4. ESI-FTICR mass spectra taken with the RIPT method
(a) and gated trapping with a flight time of 2.8 ms (b) are shown.
The y-axes in both spectra are normalized to the strongest peak in
the spectrum obtained with the RIPT method. A 3-fold improve-
ment in signal magnitude is observed with the RIPT method for
the same ion accumulation time period.ferred through the ion guide, which results in a further
increase in the duty cycle.
Ion Detection
The sensitivity of the instrument was tested in two
different modes: (1) applying the same voltage to all
trapping rings during detection (common) and (2) ap-
plying a separate voltage to each trapping ring during
detection (TREC). By applying a common voltage to
each of the rings, the electric field within the trapping
region of the ICR cell is the same as if a single solid
electrode was used. This allows for a direct comparison
between a closed ICR cell and TREC. By applying
separate voltages to each of the rings, the electric fields
within the trapping region of the ICR cell are modified.
The voltages are applied so that the outward directed
force from the electric fields is constant along the z-axis
of the ICR cell. A serial dilution of melittin was used to
test the limits of detection for ions transferred to the ICR
cell with the RIPT transfer method. To minimize effects
from contamination from carryover, the sample with
the lowest concentration was run first. The results from
the serial dilution are shown as a stacked plot with the
melittin ([M 4H]4) ion in Figure 5a. The length of the
ion accumulation time period was adjusted for different
concentrations of analyte. All of the spectra were col-
lected as single data acquisitions. Signal averaging
would further improve the limit of detection of the
instrument. With the exception of changing trapping
voltages before detection, all other instrument parame-
ters were held constant between the normal mode and
TREC. With TREC, there is nearly an order of magni-
tude increase in sensitivity compared with that of the
normal operation mode. The ratio of signal magnitude
between normal and TREC at each of the sample
concentrations is shown in Figure 5b. These data illus-
trate that the improvement in signal magnitude with
TREC is constant at all concentrations. The improve-
ment in sensitivity at low concentrations suggests that
switching the applied trapping voltages between exci-
tation and detection does not destabilize the coherent
cyclotron motion of the ion cloud, even for a very low
number of ions.
The combination of RIPT and TREC is compared
with gated trapping and common voltages applied to
all ring electrodes. The complexity of ion motion inside
the ICR cell becomes more intricate with a larger
number of ion packets present as a result of coulombic
interactions. Therefore, infusion of a complex mixture is
used to test instrument performance. Analysis of a
complex mixture becomes more challenging at lower
magnetic field strength because of more profound
space charge frequency shifts and decreased cyclotron
frequency. Thus, to minimize space charge variation
one can either work with a lower number of ions or
excite ions to a large cyclotron radius. Figure 6
illustrates the improvement when operating the instru-
ment with the combination of RIPT and TREC with
760 KAISER ET AL. J Am Soc Mass Spectrom 2009, 20, 755–762direct infusion of 1 M BSA tryptic digest. With TREC,
we are able to excite ions to a larger cyclotron radius
while minimizing electric field inhomogeneity [49].
Figure 5. (a) The sensitivity of the instrument i
trapping rings and TREC. (b) The ratio of signal
shown at different concentrations. The increase
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trodes, increasing the excited cyclotron radius reduced
the length of observed signal because of increased
electric field inhomogeneity. Increasing the number of
ions decreased the detectable signal duration of lower-
abundance species likely attributable to increased cou-
lombic interactions. The average mass measurement
accuracy with external calibration for the gated-common
experiment is 3.16 ppm (19 identified peptides); this is
decreased to 2.16 ppm (28 identified peptides) for the
RIPT-TREC experiment. The search window was 10
ppm. The distribution of mass measurement errors is
shown in a histogram.
Conclusions
A novel FT-ICR mass spectrometer with a 3-T magnet
has been designed and initial performance described.
This instrument has a transfer quadrupole ion guide
that has been divided into 19 segments for control of the
axial position of the trapped ions throughout the entire
transfer process, which effectively eliminates time-of-
flight mass discrimination. We show that with this
transfer methodology ions are transmitted more effec-
tively to the ICR cell compared with gated trapping,
indicated by increased signal magnitude. Increasing the
number of quadrupole segments from our initial report
increases the transfer efficiency through the device. Our
results indicate that a further increase in the number of
segments is needed for optimization of the transfer
technique.
Modulating the voltage applied to each of the ring
electrodes with TREC allows ions to have more stable
ion motion at larger cyclotron radii, which is important
since exciting ions to larger cyclotron radii will increase
sensitivity as well as the signal-to-noise ratio. Use of
TREC allows ions to be excited to larger cyclotron radii
by reducing electric field inhomogeneity. TREC offers a
4-fold improvement in signal magnitude compared
with the same voltage applied to all ring electrodes.
With a combination of the RIPT transfer method with
the TREC ICR cell we demonstrate an increase in the
number of identified peptides with greater mass mea-
surement accuracy compared with gated trapping with
a closed ICR cell. With sensitivity, dynamic range, and
mass measurement accuracy the most challenging as-
pects of proteomics research, the developments illus-
trated earlier suggest improved capabilities for protein
identification can be achieved through novel cell, ion
guide, and source design.
Acknowledgments
We thank the National High Magnetic Field Laboratory for the use
of their MIDAS data station to carry out FT-ICR MS experiments.
This material is based on work supported by the National Science
Foundation under Grant 0352451; Murdock Charitable Trust;
Office of Science (BER), U. S. Department of Energy, GrantDE-FG02-04ER63924; and a National Institutes of Health Biotech-
nology Training Grant.
References
1. He, F.; Emmett, M. R.; Hakansson, K.; Hendrickson, C. L.; Marshall,
A. G. Theoretical and Experimental Prospects for Protein Identification
Based Solely on Accurate Mass Measurement. J. Proteome Res. 2004, 3,
61–67.
2. Clauser, K. R.; Baker, P.; Burlingame, A. L. Role of Accurate Mass
Measurement (10 ppm) in Protein Identification Strategies Employing
MS or MS/MS and Database Searching. Anal. Chem. 1999, 71, 2871–2882.
3. Comisarow, M. B.; Marshall, A. G. Fourier Transform Ion Cyclotron
Resonance Spectroscopy. Chem. Phys. Lett. 1974, 25, 282–283.
4. Comisarow, M. B.; Marshall, A. G. Frequency-Sweep Fourier Transform
Ion Cyclotron Resonance Spectroscopy. Chem. Phys. Lett. 1974, 26,
489–490.
5. Amster, I. J. Fourier Transform Mass Spectrometry. J. Mass Spectrom.
1996, 31, 1325–1337.
6. He, F.; Hendrickson, C. L.; Marshall, A. G. Baseline Mass Resolution of
Peptide Isobars: A Record for Molecular Mass Resolution. Anal. Chem.
2001, 73, 647–650.
7. Williams, D. K., Jr.; Muddiman, D. C. Parts-per-Billion Mass Measure-
ment Accuracy Achieved through the Combination of Multiple Linear
Regression and Automatic Gain Control in a Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer. Anal. Chem. 2007, 79, 5058–
5063.
8. Shi, S. D. H.; Hendrickson, C. L.; Marshall, A. G. Counting Individual
Sulfur Atoms in a Protein by Ultrahigh-Resolution Fourier Transform
Ion Cyclotron Resonance Mass Spectrometry: Experimental Resolution
of Isotopic Fine Structure in Proteins. Proc. Natl. Acad. Sci. U. S. A. 1998,
95, 11532–11537.
9. McLafferty, F. W.; Fridriksson, E. K.; Horn, D. M.; Lewis, M. A.;
Zubarev, R. A. Techview: Biochemistry, Biomolecule Mass Spectrome-
try. Science 1999, 284, 1289–1290.
10. Hughey, C. A.; Rodgers, R. P.; Marshall, A. G. Resolution of 11,000
Compositionally Distinct Components in a Single Electrospray Ioniza-
tion Fourier Transform Ion Cyclotron Resonance Mass Spectrum of
Crude Oil. Anal. Chem. 2002, 74, 4145–4149.
11. Marshall, A. G.; Hendrickson, C. L. Fourier Transform Ion Cyclotron
Resonance Detection: Principles and Experimental Configurations. Int.
J. Mass Spectrom. 2002, 215, 59–75.
12. Peurrung, A. J.; Kouzes, R. T. Long-Term Coherence of the Cyclotron
Mode in a Trapped Ion Cloud. Phys. Rev. E. Stat. Phys Plasmas Fluids
Relat. Interdisc. Topics 1994, 49, 4362–4368.
13. McIver, R. T., Jr.; Ledford, E. B., Jr.; Miller, J. S. Proposed Method for
Mass Spectrometric Analysis for Ultra-Low Vapor Pressure Com-
pounds. Anal. Chem. 1975, 47, 692–697.
14. Mitchell, D. W. Realistic Simulation of the Ion Cyclotron Resonance
Mass Spectrometer Using a Distributed Three-Dimensional Particle-in-
Cell Code. J. Am. Soc. Mass Spectromy. 1999, 10, 136–152.
15. Mitchell, D. W.; Smith, R. D. Prediction of a Space Charge Induced
Upper Molecular Mass Limit Towards Achieving Unit Mass Resolution
in Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. J.
Mass Spectrom. 1996, 31, 771–790.
16. Marshall, A. G.; Guan, S. Advantages of High Magnetic Field for
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. Rapid
Commun. Mass Spectrom. 1996, 10, 1819–1823.
17. Schaub, T. M.; Hendrickson, C. L.; Horning, S.; Quinn, J. P.; Senko,
M. W.; Marshall, A. G. High-Performance Mass Spectrometry: Fourier
Transform Ion Cyclotron Resonance at 14.5 Tesla. Anal. Chem. 2008, 80,
3985–3990.
18. Mitchell, D. W.; Smith, R. D. Cyclotron Motion of Two Coulombically
Interacting Ion Clouds with Implications to Fourier-Transform Ion
Cyclotron Resonance Mass Spectrometry. Phys. Rev. E Stat. Phys Plasmas
Fluids Relat. Interdisc. Topics 1995, 52, 4366–4386.
19. Bogdanov, B.; Smith, R. D. Proteomics by FTICR Mass Spectrometry:
Top Down and Bottom Up. Mass Spectrom. Rev. 2005, 24, 168–200.
20. Kelleher, N. L.; Lin, H. Y.; Valaskovic, G. A.; Aaserud, D. J.; Fridriksson,
E. K.; McLafferty, F. W. Top Down versus Bottom Up Protein Charac-
terization by Tandem High-Resolution Mass Spectrometry. J. Am. Chem.
Soc. 1999, 121, 806–812.
21. Sze, S. K.; Ge, Y.; Oh, H.; McLafferty, F. W. Top-Down Mass Spectrom-
etry of a 29-kDa Protein for Characterization of Any Posttranslational
Modification to within One Residue. Proc. Natl. Acad. Sci. U. S. A. 2002,
99, 1774–1779.
22. Guan S.; Marshall, A. G. Ion Traps for Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry: Principles and Design of Geometric and
Electric Configurations. Int. J. Mass Spectrom. Ion Process. 1995, 146/147,
261–296.
23. Anderson, J. S.; Vartanian, H.; Laude, D. A. Evolution of Trapped Ion
Cells in Fourier Transform Ion Cyclotron Resonance Mass Spectrome-
try. Trends Anal. Chem. 1994, 13, 234–239.
24. Vartanian, V. H.; Anderson, J. S.; Laude, D. A. Advances in Trapped Ion
Cells for Fourier Transform Ion Cyclotron Resonance Mass Spectrom-
etry. Mass Spectrom. Rev. 1995, 14, 1–19.25. Caravatti, P.; Allemann, M. The Infinity Cell: A New Trapped-Ion Cell
with Radiofrequency Covered Trapping Electrodes for Fourier Trans-
762 KAISER ET AL. J Am Soc Mass Spectrom 2009, 20, 755–762form Ion Cyclotron Resonance Mass Spectrometry. Org. Mass Spectrom.
1991, 26, 514–518.
26. Beu, S. C.; Laude, D. A., Jr. Elimination of Axial Ejection during
Excitation with a Capacitively Coupled Open Trapped-Ion Cell for
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. Anal.
Chem. 1992, 64, 177–180.
27. Senko, M. W.; Hendrickson, C. L.; Emmett, M. R.; Shi, S. D. H.; Marshall,
A. G. External Accumulation of Ions for Enhanced Electrospray Ioniza-
tion Fourier Transform Ion Cyclotron Resonance Mass Spectrometry.
J. Am. Soc. Mass Spectrom. 1997, 8, 970–976.
28. Gorshkov, M. V.; Masselon, C. D.; Anderson, G. A.; Udseth, H. R.;
Harkewicz, R.; Smith, R. D. A Dynamic Ion Cooling Technique for
FTICR Mass Spectrometry. J. Am. Soc. Mass Spectrom. 2001, 12, 1169–
1173.
29. Caravatti, P. U.S. Patent 4 924 089, 1990.
30. Easterling, M. L.; Pitsenberger, C. C.; Kulkarni, S. S.; Taylor, P. K.;
Amster, I. J. A 4.7 Tesla Internal MALDI-FTICR Instrument for High
Mass Studies: Performance and Methods. Int. J. Mass Spectrom. Ion
Process. 1996, 157/158, 97–113.
31. Stults, J. T. Minimizing Peak Coalescence: High-Resolution Separation
of Isotope Peaks in Partially Deamidated Peptides by Matrix-Assisted
Laser Desorption/Ionization Fourier Transform Ion Cyclotron Reso-
nance Mass Spectrometry. Anal. Chem. 1997, 69, 1815–1819.
32. Solouki, T.; Emmett, M. R.; Guan, S.; Marshall, A. G. Detection,
Number, and Sequence Location of Sulfur-Containing Amino Acids
and Disulfide Bridges in Peptides by Ultrahigh-Resolution MALDI
FTICR Mass Spectrometry. Anal. Chem. 1997, 69, 1163–1168.
33. Nikolaev, E. N.; Miluchihin, N.; Inoue, M. Evolution of an Ion Cloud in
a Fourier Transform Ion Cyclotron Resonance Mass Spectrometer
during Signal Detection: Its Influence on Spectral Line Shape and
Position. Int. J. Mass Spectrom. Ion Process. 1995, 148, 145–157.
34. Wong, R. L.; Amster, I. J. Sub Part-per-Million Mass Accuracy by Using
Stepwise-External Calibration in Fourier Transform Ion Cyclotron Res-
onance Mass Spectrometry. J. Am. Soc. Mass Spectrom. 2006, 17, 1681–
1691.
35. Winger, B. E.; Hofstadler, S. A.; Bruce, J. E.; Udseth, H. R.; Smith, R. D.
High-Resolution Accurate Mass Measurements of Biomolecules Using a
New Electrospray Ionization Ion Cyclotron Resonance Mass Spectrom-
eter. J. Am. Soc. Mass Spectrom. 1993, 4, 566–577.
36. Guan, S.; Kim, H. S.; Marshall, A. G.; Wahl, M. C.; Wood, T. D.; Xiang,
X. Shrink-Wrapping an Ion Cloud for High-Performance Fourier Trans-
form Ion Cyclotron Resonance Mass Spectrometry. Chem. Rev. 1994, 94,
2161–2182.
37. Guan, S.; Gorshkov, M. V.; Marshall, A. G. Circularly Polarized Quadra-
ture Excitation for Fourier-Transform Ion Cyclotron Resonance Mass
Spectrometry. Chem. Phys. Lett. 1992, 198, 143–148.
38. Wilcox, B. E.; Hendrickson, C. L.; Marshall, A. G. Improved Ion
Extraction from a Linear Octopole Ion Trap: SIMION Analysis and
Experimental Demonstration. J. Am. Soc. Mass Spectrom. 2002, 13,
1304–1312.
39. Wong, R. L.; Amster, I. J. Combining Low and High Mass Ion Accu-
mulation for Enhancing Shotgun Proteome Analysis by Accurate Mass
Measurement. J. Am. Soc. Mass Spectrom. 2006, 17, 205–212.40. O’Connor, P. B.; Duursma, M. C.; van Rooij, G. J.; Heeren, R. M. A.;
Boon, J. J. Correction of Time-of-Flight Shifted Polymeric Molecular
Weight Distributions in Matrix-Assisted Laser Desorption/Ionization
Fourier Transform Mass Spectrometry. Anal. Chem. 1997, 69, 2751–2755.
41. Dey, M.; Castoro, J. A.; Wilkins, C. L. Determination of Molecular
Weight Distributions of Polymers by MALDI-FTMS. Anal. Chem. 1995,
67, 1575–1579.
42. Belov, M. E.; Rakov, V. S.; Nikolaev, E. N.; Goshe, M. B.; Anderson,
G. A.; Smith, R. D. Initial Implementation of External Accumulation
Liquid Chromatography/Electrospray Ionization Fourier Transform
Ion Cyclotron Resonance with Automated Gain Control. Rapid Commun.
Mass Spectrom. 2003, 17, 627–636.
43. Belov, M. E.; Nikolaev, E. N.; Anderson, G. A.; Udseth, H. R.; Conrads,
T. P.; Veenstra, T. D.; Masselon, C. D.; Gorshkov, M. V.; Smith, R. D.
Design and Performance of an ESI Interface for Selective External Ion
Accumulation Coupled to a Fourier Transform Ion Cyclotron Mass
Spectrometer. Anal. Chem. 2001, 73, 253–261.
44. Prior, D. C.; Price, J.; Bruce, J. E. U.S. Patent 6 455 8646, 2002.
45. Wu, S.; Zhang, K.; Kaiser, N. K.; Bruce, J. E.; Prior, D. C.; Anderson,
G. A. Incorporation of a Flared Inlet Capillary Tube on a Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer. J. Am. Soc.
Mass Spectrom. 2006, 17, 772–779.
46. Shaffer, S. A.; Prior, D. C.; Anderson, G. A.; Udseth, H. R.; Smith, R. D.
An Ion Funnel Interface for Improved Ion Focusing and Sensitivity
Using Electrospray Ionization Mass Spectrometry. Anal. Chem. 1998, 70,
4111–4119.
47. Shaffer, S. A.; Tolmachev, A.; Prior, D. C.; Anderson, G. A.; Udseth,
H. R.; Smith, R. D. Characterization of an Improved Electrodynamic Ion
Funnel Interface for Electrospray Ionization Mass Spectrometry. Anal.
Chem. 1999, 71, 2957–2964.
48. Kaiser, N. K.; Skulason, G. E.; Weisbrod, C. R.; Wu, S.; Zhang, K.; Prior,
D. C.; Buschbach, M. A.; Anderson, G. A.; Bruce, J. E. Restrained Ion
Population Ttransfer: A Novel Ion Transfer Method for Mass Spectrom-
etry. Rapid Commun. Mass Spectrom. 2008, 22, 1–10.
49. Weisbrod, C. R.; Kaiser, N. K.; Skulason, G. E.; Bruce, J. E. Trapping
Ring Electrode Cell (TREC): A Novel FT-ICRMass Spectrometer Cell for
Improved Signal-to-Noise and Resolving Power. Anal. Chem. 2008, 80,
6545–6553.
50. Gooden, J. K.; Rempel, D. L.; Gross, M. L. Evaluation of Different
Combinations of Gated Trapping, RF-Only Mode and Trap Compensa-
tion for In-Field MALDI Fourier Transform Mass Spectrometry. J. Am.
Soc. Mass Spectrom. 2004, 15, 1109–1115.
51. Naito, Y.; Fujiwara, M.; Inoue, M. Improvement of the Electric Field in
the Cylindrical Trapped-Ion Cell. Int. J. Mass Spectrom. Ion Process. 1992,
120, 179–192.
52. Senko, M. W.; Canterbury, J. D.; Guan, S.; Marshall, A. G. A High-
Performance Modular Data System for Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry. Rapid Commun. Mass Spectrom. 1996, 10,
1839–1844.
53. Anderson, G. A.; Bruce, J. E.; Smith, R. D. ICR-2LS, Richland, WA, 1996.
